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Abstract

Gut microbiota contributes to human health. Plenty of studies demonstrate that antibiotics can disrupt gut ecosystem lead-
ing to dysbiosis. Little is known about the microbial variation of appendix and its up/downstream intestine after antibiotic
treatment. This study aimed to investigate the microbiome and mucosal morphology of jejunum, appendix, and colon of
rats in health and dysbiosis. A rodent model of antibiotic-induced dysbiosis was employed. Microscopy was used to observe
mucosal morphological changes. 16S rRNA sequencing was performed for identifying bacterial taxa and microbiome
structure. The appendices of dysbiosis were found enlarged and inflated with loose contents. Microscopy revealed the
impairment of intestinal epithelial cells. High-throughput sequencing showed the Operational Taxonomic Units changed
from 361 +33, 634 + 18, 639 + 19 in the normal jejunum, appendix, colon to 748 +98, 230+ 11, 253 + 16 in the disordered
segments, respectively. In dysbiosis, Bacteroidetes translocated inversely from the colon and appendix (0.26%, 0.23%) to
the jejunum (13.87% +0.11%); the relative abundance of all intestinal Enterococcaceae increased, while Lactobacillaceae
decreased. Several bacterial clusters were found correlated to the normal appendix, whereas nonspecific clusters correlated
to the disordered appendix. In conclusion, species richness and evenness reduced in the disordered appendix and colon;
similar microbiome patterns were shared between the appendix and colon regardless of dysbiosis; site-specific bacteria were
missing in the disordered appendix. Appendix is likely a transit region involving in upper and lower intestinal microflora
modulation. The limitation of this study is all the data were derived from rats. We must be cautious about translating the
microbiome results from rats to humans.

Introduction

The human gastrointestinal tract is home to a large number
of microorganisms known as gut microbiome. The distal
Chenyi Shao and Xiaobo Song have contributed equally to this gut microbiota is mainly composed of strict anaerobes, but
work. also some facultative anaerobes. The quantity of bacteria
increases along the gastrointestinal tract, while the stomach
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. [1]. The composition of gut microbiome can be impacted
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by many factors, such as intestinal pH; environmental tem-
perature; diet, drug therapy, in addition to the kinship [2].
Extensive studies have shown that the gut microorganisms
are involved in human metabolism and nutrition. The gut
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bacteria can produce a variety of vitamins, synthesize all
essential and non-essential amino acids [3], and metabo-
lize non-digestible carbohydrates [4]. The gut microbiota
also produces antibacterial compounds, and competes for
nutrients and attachment loci in the gut wall to prevent the
colonization of pathogens [5]. The gastrointestinal tract is
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a dynamic microecosystem of which equilibrium is essen-
tial to our health. An imbalance in the composition and/or
activity of the gut microbiome, which may have negative
impacts on health, is referred to as dysbiosis. It may lead
to irritable bowel syndrome (IBS) and inflammatory bowel
diseases (IBD) [6].

The appendix is a part of the digestive organs located at
the junction between the small intestine and large intestine.
It was regarded as a functionless vestige from evolutionary
history. Nowadays, researchers recognized it as a repository
for gut commensal microflora and a part of the immune sys-
tem [7]. Masses of lymphoid tissues in the appendix enable
the adaptation of commensal microflora to the intestinal
niches. In addition, the appendix forms immune-mediated
biofilms where gut probiotics reside in. Compared to other
intestinal regions, the appendix assembles much biofilm as
a “hotbed” of intestinal flora [8]. Moreover, its pouch-like
structure helps to prevent the loss of gut commensals dur-
ing diarrhoea [7]. Previous culture-based studies showed
that diverse microorganisms, such as Bacteroides fragilis,
Escherichia coli, Pseudomonas aeruginosa, and Peptostrep-
tococcus species, were frequently isolated from normal and
inflammatory appendices [9—11]. In recent years, researchers
have started to use gene-sequencing analysis to investigate
the microbiome of appendices in health and appendicitis
[12-14]. So far, little is known about the ecological variation
of appendix and surroundings in the early inflammation, as
well as the action of appendix to the gut microbial commu-
nity during gut dysbiosis.

The present study aimed to compare the microbiome
structure and mucosal morphology of the jejunum, appen-
dix and colon of rats in health and dysbiosis. An antibiotic-
induced dysbiosis rodent model was established to explore
the in situ microbiota in the appendix and its up/downstream
intestinal compartments, as well as the pathophysiological
changes in the early inflammatory phase.

Methods
Rat Handling and In Situ Sampling

Totally, 12 four-week-old Sprague—Dawley (SD) rats were
selected and reared adaptively in the laboratory for 1 week.
An experimental study was set after allocating the rats ran-
domly into two groups, the experiment group (n=6) and
the control group (n=6). The rats in the experiment group
were administered orally ceftriaxone sodium at 125 mg/ml
dissolved in 0.9% saline solution, 2 ml/day for 14 days to
induce gastrointestinal dysbiosis [15]. The rats in the control
group were administered orally 0.9% saline solution, 2 ml/
day for 14 days in parallel. Then, the rats were sacrificed,
and intestinal samples were collected as described below. A
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20 cm jejunum segment was sectioned 10 cm beneath the
ligament of Treitz. The content was extruded into a 2 ml
sterile Eppendorf tube. The appendix segment was cut at
the tip of the caecum around the ileocecal junction, and the
content was extruded into a sterile tube. A 20 cm colon seg-
ment was sectioned 2 cm apart from the end of the ileocecal
valve, and the content was extruded into a sterile tube. All
the intestinal contents were frozen at —80 °C. The jejunum,
appendix and colon segment tissues were fixed in a solution
of 10% neutral formalin and 5% glutaraldehyde and stored
at4 °C.

The animal study was reviewed and approved by the Bio-
medical Ethics Committee, Dalian Medical University. All
experiments were performed in accordance with the relevant
guidelines and regulations of our Ethical Committee.

Morphology of Intestinal Segments and Structure
of Mucosal Barrier

The gross morphology of the jejunum, appendix and colon
and their contents were observed and compared between
the two groups.

A 1 cm segment of the jejunum, appendix and colon tis-
sues was embedded in paraffin, and then, the tissue blocks
were sectioned at 4 pm. The sections were stained with hae-
matoxylin and eosin and observed with an optical micro-
scope (DP73, Olympus, Tokyo, Japan).

Tissue blocks of I mm X3 mm from each segment were
placed in precooled 2.5% glutaraldehyde for 2 h, rinsed with
0.1 M phosphate buffer (pH 7.2) for 15-20 min (4 °C) three
times, fixed with 1% osmium tetroxide for 2 h (4 °C), rinsed
with 0.1 M phosphate buffer for 5 min (4 °C) three times,
washed with double-distilled water and dried. The blocks
were soaked and embedded in methyloxirane and the embed-
ded liquid and then sectioned into semithin section smears.
The sections were stained, dried, dyed (toluidine blue),
washed, cleared and sealed and observed under a transmis-
sion electron microscope (JEM-2000EX, JEOL, Tokyo,
Japan). The experiments were performed in triplicate.

For evaluation of the severity of inflammation, five ran-
domly selected fields in each section (magnification X 100)
were inspected and graded by a pathologist blinded to the
group allocation. Scores were generated according to the
criteria of the modified scale of Bobin-Dubigeon et al. [16].
After the 5 fields were graded, the mean score was calcu-
lated for each section and is expressed as the histological
score.

DNA Isolation and 16S rRNA Gene Sequencing
An E.Z.N.A. Stool DNA kit (Omega Bio-Tek, Inc., Nor-

cross, GA, United States) was used for whole DNA extrac-
tion from the stool. The DNA concentration was measured
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with Qubit 2.0 (Invitrogen, Carlsbad, CA, United States).
Polymerase chain reaction (PCR) was applied to the bulk
DNA with the barcoded primers 341F (5' -CCTAYGGGRB-
GCASCAG- 3') and 806R (5' -GGACTACNNGGGTAT
CTAAT-3"), which cover the V3-V4 regions of the 16S
rRNA gene [17]. PCR reactions were performed on an ABI
GeneAmp 9700 PCR system (Applied Biosystems, Foster
City, CA, United States).

The 16S amplicons were purified with a GeneJET PCR
Purification Kit (Thermo Fisher Scientific, Waltham, MA,
United States). A DNA library was constructed by using
the Ion Plus Fragment Library Kit 48 rxns (Thermo Fisher
Scientific, Waltham, MA, United States). After the library
was quantified with a Qubit fluorometer (Qubit 3.0, Invit-
rogen, Carlsbad, CA, United States) and qualified, it was
sequenced by an Ion S5 XL system (Thermo Fisher Scien-
tific, Waltham, MA, United States).

Bioinformatic and Statistical Analysis

Quality filtering was performed on the raw reads to obtain
high-quality clean reads. According to Cutadapt (v1.9.1)
[18] (http://cutadapt.readthedocs.io/en/stable/), the reads
were compared with the GOLD reference database (http://
drive5.com/uchime/uchime_download.html) with the
UCHIME algorithm (http://www.drive5.com/usearch/
manual/uchime_algo.html) to detect and remove chimaeric
sequences to obtain clean reads [19, 20].

Sequence analysis was performed with UPARSE soft-
ware (Uparse v7.0.1001) (http://drive5S.com/uparse/) [21].
Sequences with >97% similarity were assigned to the
same operational taxonomic units (OTUs). Representative
sequences for each OTU were screened for further anno-
tation. For each representative sequence, the SSU rRNA
[22] database of Silva (http://www.arb-silva.de/) [23] was
used based on the Mothur algorithm to annotate taxonomic
information (set threshold from 0.8 to 1). For determina-
tion of the phylogenetic relationships of different OTUs and
the difference in the dominant species in different samples
(groups), multiple sequence alignments were conducted
using MUSCLE (http://www.driveS.com/muscle/) Software
(v3.8.31) [24]. OTUs abundance information was normal-
ized using a standard sequence number corresponding to the
sample with the fewest sequences. Subsequent analyses of
alpha diversity and beta diversity were all performed based
on these output normalized data.

Data are expressed as the mean + standard error of the
mean. Alpha diversity was applied to analyse the com-
plexity of species diversity for a sample through 2 indi-
ces, observed species and Chaol indices. Both of these
indices in our samples were calculated with QIIME (Ver-
sion 1.7.0). The Wilcox test in the agricolae package
of R software (Version 2.15.3) was used to analyse the

between-group difference in alpha diversity. Beta diver-
sity was applied with Permutational multivariate analysis
of variance (Adonis) analysis and the nonmetric multidi-
mensional scaling (NMDS) analysis. NMDS analysis was
based on Bray—Curtis dissimilarity and performed by the
vegan software package of R software. The correlation
between microbiome taxa and rosuvastatin effectiveness
was assessed using linear discriminant analysis (LDA)
effect size (LEfSe) at various taxonomic ranks [25]. An
LDA score greater than 4.0 was defined as significant by
default. LEfSe data were analysed using R software, and
analysis of variance (ANOVA) was used to identify the
relative abundance differences between groups. Tukey’s
test was applied to perform post hoc tests, with P <0.05
considered a significant difference. PICRUSt2 was per-
formed using the OmicStudio Analysis (https://www.
omicstudio.cn/analysis/) to predict the functional profiles
of intestinal microbiome. T-test was used for analysing
the OTU abundance from the same gut segment between
the two groups OmicStudio tools (https://www.omicstudio.
cn/tool) was utilized for statistical analyses and visualiza-
tion of the identified pathways. R software was used for
permutational multivariate analysis of variance (Adonis)
to analyse the between-group differences in beta diversity.
Group comparisons of histological scores were statisti-
cally analysed using independent-samples t-tests (SPSS
19.0). Statistical significance was accepted at P <0.05.
Twenty-five appendicitis-associated taxa reported previ-
ously (Table 1), such as Actinobacteria, Proteobacteria,
and Fusobacteria, were analysed from our samples with/
without dysbiosis [13, 26-29].

Table 1 Appendicitis-associated taxa reported in previous studies

Phylum Genus Species

Escherichia coli
Bacteroides fragilis
Porphyromonas endodontalis

Firmicutes
Bacteroidetes
Actinobacteria
Proteobacteria
Fusobacteria

Streptococcus
Gemella
Bacteroides
Faecalibacterium
Proteus
Fusobacterium
Rhizobium
Porphyromonas
Mogibacterium
Prevotella
Bilophila
Dialister
Anaerofilum
Bergeyella
Peptostreptococcus
Fusibacter
Parvimonas
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Results

Intestinal Morphology and Mucosal Structure
from the Appendix, Jejunum and Colon of the Rats
w/o Dysbiosis

The gross morphology of the three intestinal segments
was compared between the two groups: experiment group
(referred to as ceftriaxone-treated group) and control
group (referred to as placebo group). In the experiment
group, the jejunum had no obvious changes (Fig. 1A); the
appendices became enlarged and inflated with increasing,
loose and light-coloured contents (Fig. 1B, D); the colon
contents were also loose and light coloured (Fig. 1C). The
morphological variations suggested abnormal absorption
and/or exudation arose in the appendix and colon.

Light microscopy reveals the mucosal morphology
of the jejunum (Fig. 2A), appendix (Fig. 2B) and colon
(Fig. 2C) in both groups. In the control group, the colonic
surface of the mucosa was smooth, and all mucosal epithe-
lial cells were intact. In the experiment group, more than
half of the disordered jejunal epithelium was incomplete,

Control 7Ex7periment

Fig. 1 The gross morphologies of jejunum, appendix and colon were
compared between control and experiment group. (A) Experiment
jejunum had no obvious changes; (B, D) Experiment appendices
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and a few epithelial cells fell into the intestinal cavity.
The lumen of the ceftriaxone-treated appendix was nar-
rower than that of the control appendix. The local lymph
nodules proliferated in the antibiotic-treated appendix, and
the adjacent fibrous connective tissue also proliferated.
The colonic mucosal layer became thinner; the mucosal
epithelium was incomplete, and the cells fell into the
intestinal cavity; most of the glands disappeared; the ves-
sels of the lamina propria and submucosa were dilatable
and congested; and fibrous connective tissue obviously
proliferated. In the rest of the lamina propria and submu-
cosa, the blood vessels were dilated, and hyperaemia and
oedema with slight hyperplasia of fibrous connective tis-
sue were observed. The graphs of the histological scores
illustrate the differences in the intestinal sections between
the groups.

Transmission electron microscopy reveals the epithelium
ultrastructure of the jejunum, appendix and colon (Fig. 2).
In the experiment group, the jejunum epithelial cells were
oedematous, the mitochondria were swollen, and the micro-
villi were disorganized; the microvilli in the appendix
became short, ruptured and dispersed; the colonic epithelial
cells were oedematous, and the microvilli were sparse. All

Control

Experiment

became enlarged and inflated with loose and light-coloured contents;
(C) Experiment colon contents were loose and light coloured (Color
figure online)
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Histological score

Histological score

150000-X

Fig.2 Representative histological sections of (A) jejunum, (B)
appendix and (C) colon under microscope (above: light microscopy,
down: electron microscopy) and histological scores (*significant dif-

the above impairments indicated that the ceftriaxone treated
appendix and the up/downstream intestinal compartments
were in the inflammatory responses.

Diversity and Abundance of Microbiome
from the Jejunum, Appendix, and Colon of the Rats
w/o Dysbiosis

Based on high-throughput sequencing, 16S rRNA sequence
data were processed and analysed with bioinformatic and
statistical packages. The numbers of OTUs represent species
richness. The mean number of reads was 55576.19 (with two
decimal places), and the range was 46836 to 66648.

ference with P<0.05). CJ control jejunum, CA control appendix, CC
control colon, EJ experiment jejunum, EA experiment appendix, EC
experiment colon

In the control group, the microbiome OTUs numbers
were 361+33, 634+ 18 and 639+ 19 in the jejunum,
appendix and colon, respectively (Fig. 3A). The species
richness, abundance and evenness were high in the appen-
dix and colon compared to the jejunum (Fig. 3A, B). The
number of common OTUs was 524 in the three segments
(Fig. 3D), and the number of distinct OTUs was 308 in
the jejunum, 79 in the appendix and 73 in the colon. The
number of OTUs shared by the jejunum and appendix was
65, the number shared by the jejunum and colon was 52,
and the number shared by the appendix and colon was 359.
More OTUs were shared by the appendix and the colon.

@ Springer
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Fig.3 Metagenomic analysis of the gut microbiome of control and
experiment group. (A) observed OTUs; (B) Shannon diversity; (C)
NMDS is analysed based on Bray—Curtis distance; (D) Venn diagram
showing the number of OTUs specific and common to the three sites

In the experiment group, the numbers of OTUs were
748 £ 98, 230+ 11 and 253 £ 16 in the jejunum, appen-
dix, and colon, respectively (Fig. 3A). The species rich-
ness, abundance and distribution evenness were high in
the jejunum. The species diversity and evenness fell in
the appendix and colon (Fig. 3A, B). The number of com-
mon OTUs in the jejunum, appendix and colon was 238
(Fig. 3E), and the number of distinct OTUs was 943, 34
and 33 in the jejunum, appendix and colon, respectively.
The number of OTUs shared by the jejunum and appen-
dix was 95, by the jejunum and colon was 119, and by
the appendix and colon was 41. Adonis analysis (Table 2)
and Non-metric multidimensional scaling (NMDS) analy-
sis (Fig. 3C) showed that the microbiome structure of the
jejunum was different from that of the appendix and colon.
Similar microbial patterns were identified in the appendix
and the colon in both groups.
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943

EC

34

in the control group; (E) Venn diagram showing the number of OTUs
specific and common to the three sites in the experiment group. CJ
control jejunum; CA control appendix; CC control colon; EJ experi-
ment jejunum; EA experiment appendix; EC experiment colon

Ta.ble 2. Adonis aqa!yse of Vs Group R? P value

microbiome from jejunum,

appendix and colon CI-CA 034311 0.001
CJ-CC 0.40668 0.001
CA-CC  0.08208 NS
EJ-EA 0.35951 NS
EJ-EC 0.32536  0.001389
EA-EC  0.03698 NS
CJ-EJ 0.36004 0.012
CA-EA  0.49038 0.012
CC-EC  0.49475 0.001

CJ control jejunum, CA control
appendix, CC control colon, EJ
experiment jejunum, EA experi-
ment appendix, EC experiment
colon, NS no significant
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Composition of the Microbiome from the Appendix,
Jejunum and Colon of the Rats w/o Dysbiosis

The gut regional microbiome was classified at the phylum,
family and genus levels. At each taxon level, the top ten most
abundant bacteria were selected for comparative analysis
(detailed data are shown in Table 3).

At the phylum level, the composition of the microbi-
ome was different among the three segments and between
the two groups (Fig. 4A). In the control group, the relative
abundance of most phyla decreased down from the jejunum
to the colon. Firmicutes and Bacteroidetes were the main
constituent microbiomes from all segments. Firmicutes

showed a declining relative abundance (80.37% +0.28%,
73.90% +0.11% and 56.87% +0.14%) from the jejunum
down to the colon. Bacteroidetes showed an increasing
relative abundance (10.85% +0.25%, 22.09% +0.13% and
40.23% +0.14%) along the intestinal tract. Fusobacteria,
Deinococcus-Thermus, and Euryarchaeota were barely
detected (detailed data shown in Table 3). In the experiment
group, the Firmicutes and Bacteroidetes were opposite to
those in the control group. Firmicutes showed an increas-
ing relative abundance (50.05% +0.39%, 79.46% + 0.22%
and 83.40% +0.14%) from the jejunum down to the colon.
Bacteroidetes showed a declining relative abundance
(13.87%+0.11%, 0.23% and 0.26%). Tenericutes also varied

Table 3 Relative abundance of microbiome from jejunum, appendix, and colon at phylum, family and genus level

Taxon CJ (%) CA (%) CC (%) EJ (%) EA (%) EC (%)
Phylum: Firmicutes 80.37+0.28 73.90+0.11 56.87+0.14 50.05+0.39 79.46+0.22 83.40+0.14
Bacteroidetes 10.85+0.25 22.09+0.13 40.23£0.14% 13.87+0.11 0.23+0.00 0.26+0.00
Tenericutes 5.56+0.08 0.27 £0.00° 0.22+0.00° 0.98+0.01* 18.65+0.21 12.74+0.12
Cyanobacteria 0.17+0.00% 0.19+0.00 0.45+0.00 9.64+0.08* 0.02+0.00 0.02+0.00"
Actinobacteria 1.78 +0.00* 1.24+0.01 0.64+0.00 6.70+0.05* 0.07+0.00 0.07 +0.00*
Fusobacteria 0.01+0.00% 0.00+0.00 0.01+0.00 1.06 +£0.02*' 0.00+0.00 0.00+0.00%
Proteobacteria 1.15+0.01 2.17+0.01 1.52+0.01 15.76 +0.13 0.09+0.00 0.11+0.00
Deinococcus-Thermus 0.01+0.00% 0.00+0.00 0.00+0.00 0.56+0.00* 0.01+£0.00 0.00+0.00*
SR1 (Absconditabacteria) 0.00+0.00" 0.00+0.00 0.00+0.00 0.29+0.00*' 0.00+0.00 0.00+0.00*
Euryarchaeota 0.01+0.00" 0.00+0.00 0.00+0.00 0.16 +£0.00*' 0.00+0.00 0.00+0.00"
Family: Enterococcaceae 0.28 +0.00* 0.17+0.00 0.15+0.00 35.14+0.48 16.84+0.07 21.13+0.10
Lactobacillaceae 68.69 +0.28** 22.40+0.15 11.24+0.07* 2.13+0.01 0.59+0.00 1.60+0.02
Clostridiales_vadin 0.17+0.00 0.37+£0.00° 0.36+0.00° 0.36+0.00*' 46.97+0.29 42.04+0.28"
BB60_group

Bacteroidales_S24-7_group 10.55+£0.25 18.16 +£0.10 29.47 +0.04" 2.26+0.01 0.17+0.00 0.17+0.00
Anaeroplasmatacee 0.06+0.00 0.09+0.00 0.09+0.00° 0.10+0.00* 18.42+0.21 11.75+0.12
Lachnospiraceae 0.51+0.00%* 29.59+0.09 23.53+0.11% 2.59+0.01 0.21+0.00 0.25+0.00
Erysipelotrichaceae 6.83+0.09 1.14+0.01 1.41+0.02 0.94+0.00 10.05+0.15 13.96 +£0.22
Prevotellaceae 0.11+0.00 3.42+0.03 9.63+0.13" 3.36+0.03 0.02+0.00 0.03+0.00
Ruminococcaceae 0.27 £0.00% 18.49+0.08"  18.25+0.06"  1.78+0.00 0.15£0.00 0.19£0.00
Mycoplasmataceae 5.50+0.08* 0.04+0.00 0.04+0.00* 0.84+0.01 0.23+0.00 0.99+0.00
Genus: Enterococcus 0.28+0.00 0.17 +0.00° 0.15+0.00 35.11+0.48 16.83+0.07 21.13+0.10
Lactobacillus 68.69 +0.28*" 22.40+0.15 11.24+0.07* 2.10+0.01 0.59+0.00 1.60+0.02
Anaeroplasma 0.06+0.00 0.09+0.00 0.09 +0.00° 0.14 +0.00*' 16.41+0.21 12.47+0.12
Erysipelotrichaceae_UCG-004 0.07+0.00 0.06+0.00 0.05+0.00° 0.08 +0.00 9.99+0.15 13.89+0.22
Prevotella_9 0.06+0.00 1.29+0.02 4.79+0.09 0.44+0.00 0.01+£0.00 0.02+0.00
Mycoplasma 5.50+0.08** 0.04+0.00 0.04 +0.00* 0.84+0.01 0.23+0.00 0.99+0.00
Turicibacter 5.02+0.08 0.27+0.00 0.49+0.00 0.27+0.00 0.03+0.00 0.04+0.00
unidentified_Chloroplast 0.15+0.00 0.02+0.00° 0.02+0.00 9.57+0.08* 0.02+0.00 0.02+0.00*
Bacteroides 0.07+0.00 0.23+0.00° 0.49+0.00 6.56+0.06*' 0.01+0.00 0.04 +0.00%
Lachnospiraceae_N 0.07 +0.00% 7.13+0.03° 5.38+0.03% 0.39+0.00 0.05+0.00 0.06+0.00

K4A136_group

Data are expressed as mean + standard error of the mean

CJ control jejunum, CA control appendix, CC control colon, EJ experiment jejunum, EA experiment appendix, EC experiment colon
Significant difference with P <0.05 when comparing the microbiome between *CJ and CA:; *CJ and CC; *' EJ and EA; * EJ and EC; * CJ and EJ;

P CA and EA; ° CC and EC
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Fig.4 Predominant intestinal microbiome and their relative abun-
dance. (A) top 10 microbiome at phylum level; (B) top microbiome
10 at family level; (C) top 30 microbiome at genus level. CJ control

compared to that in the control group, with the relative abun-
dance being high in the appendix and colon but low in the
jejunum. Proteobacteria, Cyanobacteria and Actinobacte-
ria, like Bacteroidetes, were highly abundant in the jejunum
but almost undetectable in the appendix and colon. Other
phyla were detected in a low relative abundance from the
three intestinal segments (detailed data shown in Table 3).

At the family level, the relative abundances of the micro-
biome were compared between the segments and the groups
(Fig. 4B). In the control group, Lactobacillaceae was the
main constituent flora from the jejunum to the colon at rela-
tive abundances of 68.69% +0.28%, 22.40% +0.15% and
11.24% +0.07%. Enterococcaceae accounted for a very
small proportion of the gut microbiota (0.28% + 0.00%,
0.17% +0.00%, 0.15% +0.00%). Other families showed
higher relative abundances in the appendix and colon than
in the jejunum (detailed data shown in Table 3). In the
experiment group, Enterococcaceae increased in the jeju-
num, appendix and colon (35.14% +0.48%, 16.84% +0.07%
and 21.13% +0.10%), whereas Lactobacillaceae decreased
in all three segments (2.13% +0.01%, 0.59% = 0.00%
and 1.60% +0.02%). A dramatic increase of Clostridi-
ales_vadinBB60_group was identified in the appendix and
colon (46.97% +0.29% and 42.04% + 0.28%). Erysipel-
otrichaceae and Mycoplasmataceae were abundant in the
jejunum (6.83% +0.09%, 5.50% + 0.08%) but scant in the
appendix (1.14% +0.01%, 0.04% +0.00%) and the colon
(1.41% £ 0.02%, 0.04% +0.00%) despite of dysbiosis.
Anaeroplasmataceae and Erysipelotrichaceae increased in
the appendix and colon. Prevotellaceae, Lachnospiraceae,
Bacteroidales_S24-7_group and Ruminococcaceae were
found only in the jejunum at low relative abundances
(detailed data shown in Table 3).

At the genus level, statistical analysis was performed
to compare the top 30 genera within and between the
groups (Fig. 4C). In the control group, the top 30 genera
accounted for over 85% of the bacteria in the jejunum,
52% in the appendix and 44% in the colon. Lactobacillus
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was the dominant genus in all segments (68.69% +0.28%,
22.40% +0.15% and 11.24% +0.07%). Enterococcus was
rare (0.28% +0.00%, 0.17% +0.00% and 0.15% +0.00%).
The majority of these genera, except Lachnospiraceae_
NK4A136_group and Prevotella_9, showed higher rela-
tive abundances in the jejunum than in the appendix and
colon (detailed data shown in Table 3). In the experiment
group, Enterococcus appeared to be the main genus from
the jejunum to the colon (35.11% +0.48%, 16.83% +0.07%
and 21.13% +0.10%), while Lactobacillus reduced dramati-
cally in the disordered guts (2.10% +0.01%, 0.59% +0.00%
and 1.60% +0.02%). Bacteroides and unidentified_Chlo-
roplast were detected in the jejunum at relative abun-
dances of 6.56% +0.06% and 9.57% + 0.08% and were
almost undetectable in the appendix and colon. Anaero-
plasma and Erysipelotrichaceae_UCG-004 were barely
detected in the jejunum but were highly detected in the
appendix (16.41% +0.21%, 9.99% +0.15%) and the colon
(12.47% +0.12%, 13.89% +0.22%) (detailed data shown in
Table 3).

Intergroup/Intragroup Analysis of Microbial Clusters
from Different Intestinal Sites

To compare the microbial clusters from the different intes-
tinal sites within and between groups, we used LEfSe soft-
ware to determine the metagenomic differences of the OTUs
derived from 16S rRNA sequences from the jejunum, appen-
dix and colon. In the control group, a total of 28 microbial
clusters showed site-specific abundances (LDA value >4.0),
including 11 in the jejunum, eight in the appendix, and nine
in the colon (Fig. 5A1). In the experiment group, eight
microbial clusters showed site-specific abundances (LDA
value >4.0), including seven in the jejunum and one in the
colon (Fig. 5A2). No site-specific clusters were found in the
disordered appendix. Comparing the two groups, we found
12 different bacterial clusters in the jejunum (Fig. 5SA3), 26
different clusters in the appendix (Fig. 5A4) and 24 different
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Fig.5 LEfSe analysis (A) and functional profiles (B) of intestinal
microbiome. (A1) LDA scores of the segmental microbiome of con-
trol group; (A2) LDA scores of the segmental microbiome of experi-
ment group; (A3) LDA scores of jejunum microbiome between the
two groups; (A4) LDA scores of appendix microbiome between the
two groups; (AS) LDA scores of colon microbiome between the two

clusters in the colon (Fig. SAS). Of the jejunum, Enterococ-
cus and Lactobacillus varied greatly between the healthy and
disordered jejunum. Of the appendix and the colon, Lach-
nospiraceae, Bacteroidales_S24_7 _group, and Clostridi-
ales_vadinBB60_group varied greatly between the two
groups. PICRUSt2 analysis was used to predict metagenomic
functions associated with bacterial communities based on
16S rRNA sequencing data. At KEGG levels 3, there are
56 different functional pathways found in the jejunum, and
on 100 and 105 functional pathways found in the appendix
and colon between the two groups. Figure 5B shows the 20
functional pathways with the highest significant difference
in the jejunum, appendix, and colon between the two groups.

Appendicitis-Associated Taxa Identified
from the Jejunum, Appendix and Colon of the Rats
w/o Dysbiosis

Former researchers reported that 25 bacterial taxa, five
phyla, 17 genus and three species were commonly associ-
ated with appendicitis (Table 1) [13, 26-29]. We analysed
these appendicitis-associated taxa in our samples and found
that some microbes had special preferences for the different
intestinal sites. At the phylum level, the relative abundance
of Actinobacteria was 1.78% +0.00%, 1.24% +0.01% and

~6.0-4.8-3.6-2.4-1.2 0.
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@) @) ®)
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95% confidence intervals

groups (LDA score threshold set at 4); (B1) 20 most different func-
tional pathways between CJ and EJ; (B2) 20 most different func-
tional pathways between CA and EA; (B3) 20 most different func-
tional pathways between CC and EC. CJ control jejunum; CA control
appendix; CC control colon; EJ experiment jejunum; EA experiment
appendix; EC experiment colon

0.64% +0.00% in the control jejunum, appendix and colon,
respectively, but changed to 6.70% +0.05%, 0.07% +0.00%
and 0.07% +0.00% in the experiment jejunum, appendix and
colon, respectively. The relative abundances of Proteobacte-
ria were 1.15% +0.01%, 2.17% +0.01% and 1.52% +0.01%
from the control jejunum, appendix and colon, respec-
tively, but changed to 15.76% +0.13%, 0.09% + 0.00%
and 0.11% +£0.00% in the experiment group. Fusobacteria
was barely detected in the control group but increased to
1.06% +0.02% in the experiment jejunum. At the genus
level, the relative abundances of Fusobacterium, Strepto-
coccus, Porphyromonas and Proteus were increased in the
experiment jejunum. Other genus showed no significant
change in the experiment group. At the species level, E. coli
and B. fragilis increased in the experiment jejunum.

Discussion

Trillions of microorganisms inhabit the gastrointestinal
tract of complex multicellular animals and humans. They
play a vital role in dietary metabolism and digestive system
health. Due to the development of high-throughput sequenc-
ing technology, the impact of gut flora on human health and
disease has been explored in recent years. The appendix is

@ Springer



127 Page 100f 14

C.Shaoetal.

an organ of the digestive tract where bulk of commensals
inhabit. Some studies have revealed that appendicitis is pre-
cipitated by luminal obstruction and subsequent microbial
overgrowth [30]. The present study investigated the in situ
microbiome and mucosal morphology of rat jejunum, appen-
dix and colon with/without antibiotic-induced dysbiosis. We
intended to gain an insight into the ecology of appendix and
its up/downstream intestine as well as the protective role of
appendix to gut microbial community.

In this experiment, a rodent model of antibiotic-induced
dysbiosis was established in order to imitate human dys-
biosis and to obtain gut microbiome in situ. Ceftriaxone
is a third-generation cephalosporin with a wide spectrum
of activity against gram-negative bacilli and most gram-
positive bacteria. The present study shows that oral antibi-
otic administration changes the microbial community and
mucosal morphology of the appendix and the up/down-
stream intestinal compartments. Our metagenomic data
revealed that the species richness and evenness were higher
in the jejunum than in the appendix and colon of dysbio-
sis. The reason for this may be that the peristalsis speed of
the jejunum is faster than that of the appendix and colon.
Ceftriaxone remained longer in the large intestine than the
other organs so that it enhanced the inhibitory effect on the
gut microbiota. On the other hand, some of the flora that are
sensitive to prolonged antibiotic effects might shift retro-
gradely into the upper intestine. For example, Bacteroides
translocated from the colon to the jejunum during dysbiosis.
Other bacteria that rely on the end products from these bac-
teria possibly migrate together to ingest carbon and nitrogen
sources [31]. Thus, the community diversity increases in the
upper bowel during dysbiosis. Another interesting finding
is that the appendix and colon share similar microbiome
pattern regardless of dysbiosis. This reflects the similar eco-
system of appendix and colon despite of the challenges from
antibiotics or inflammation.

Firmicutes and Bacteroidetes were recovered to be the
most dominant phyla among the gut microflora in this study.
The relative abundance of Firmicutes was decreasing from
the upper to the lower intestine of the healthy rats, but this
tendency reversed in the disordered rats. Nevertheless, the
relative abundance of Firmicutes remained stable in the
appendix. Firmicutes is a phylum of bacteria, most of which
have gram-positive cell wall structures. More than 274 gen-
era were assigned to the Firmicutes phylum. Notable genera
of Firmicutes are Enterococcus and Lactobacillus etc. The
main function of Firmicutes is to hydrolyse carbohydrates
and proteins in the intestine [32]. A sufficient level of Firmi-
cutes in the healthy jejunum complies with the function of
the small intestine, where most chemical digestion of carbo-
hydrates, proteins and fats occurs. When the intestinal flora
was disrupted, the amount of Firmicutes dropped in the jeju-
num and increased in the colon. Bacteroidetes distributed
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inversely to Firmicutes in the guts of both groups. Bacte-
roidetes are primary colonizers of the colon that involve in
the metabolism of steroids, polysaccharides and bile acids,
as well as polysaccharide utilization and protein synthesis
[33]. A previous work found the same variation in micro-
biota among obese children that Firmicutes increased and
Bacteroidetes decreased in the colon [34]. Schade demon-
strated that the cell wall glycopolymers of Firmicutes could
influence host microbe interactions through the modulation
of bacterial colonization [35].

Lactobacillaceae and Enterococcaceae are two families
under the phylum Firmicutes. In the healthy jejunum, Lac-
tobacillaceae abundance was high, while the relative abun-
dance of Enterococcaceae was extremely low, less than
0.3%. The jejunum favours the survival and reproduction of
Lactobacillaceae because the pH value is around 6.1 in the
proximal jejunum and 7.3 in the terminal ileum [36]. When
the intestinal flora was disrupted, Enterococcaceae became
predominant in the jejunum, and Lactobacillaceae decreased
significantly. It is likely that Enterococcaceae and Lacto-
bacillaceae react adversely to each other. Lactobacillaceae
is a group of gram-positive, facultative anaerobes that can
convert sugars to lactic acid. They are the predominant gut
microbiota and the most common probiotics added to foods,
and it has antimicrobial potential against pathogens [37].

To compare the in situ microbial composition, we used
LEfSe analysis and species abundance clustering to estimate
the beta diversity of the bacterial OTUs. In a normal intes-
tinal ecosystem, the distribution of microbiota reflects the
tissue tropism of different intestinal parts. Lachnospiraceae
was found abundant in the control appendix, whose spe-
cies showed a negative correlation with the development
of obesity and diabetes [38]. Ruminococcaceae, Desulfovi-
brionaceae and Coriobacteriaceae were also abundant in
the control appendix. Ruminococcaceae is the member of
commensal bacteria of the caecum and colon [39], which
can degrade various polysaccharides and fibres [40]. Des-
ulfovibrionaceae is a group of sulphate-reducing bacteria
that can use sulphate as a terminal electron acceptor to form
hydrogen sulphide. Hydrogen sulphide (H,S) serves as a
gasotransmitter in the maintenance of tissues homeostasis.
It also has versatile effects in vasodilation, neuromodulation
and anti-inflammation [41, 42]. Coriobacteriaceae plays a
key role in the succession of gut microbial consortia in early
life in humans [43]. The present study found that these bene-
ficial bacteria were abundant in the appendix, indicating that
the appendix may serve as a commensal pool that preserves
a mass of probiotic bacteria to maintain the balance of the
intestinal ecosystem. When the intestine was disordered, the
flora of the jejunum became diverse, and the number of site-
specific clusters increased. However, site-specific bacterial
clusters were not identified in the disordered appendix. This
finding is possibly due to the protective role of appendix
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biofilms with overwhelming commensal bacteria. The bio-
film forms on the layer of mucus that covers the intestinal
epithelium. The mucus consists of mucins rich in fucose,
galactose, sialic acid, N-acetylgalactosamine, N-acetylglu-
cosamine and mannose, some of which are produced by
Bacillus mesentericus TO-A. The bacteria in the biofilm
produce various producer-derived glycoside hydrolases to
establish a metabolic interaction network that favours the
growth of organisms that need carbon sources [31].

Former workers proposed a number of bacterial taxa in
association with appendicitis in literature [13, 26-29]. We
examined the distribution of these appendicitis-associated
taxa in the jejunum, appendix and colon, and found that
most appendicitis-associated taxa were detected in low level
in our samples of both groups, except Firmicutes and Bac-
teroidetes. Salo et al. recovered Firmicutes in high level in
the appendix of the patients with appendicitis, which agrees
with our results. Toon Peeters et al. reported that the rich-
ness and diversity within the phyla Firmicutes, Actinobacte-
ria, Fusobacteria and Verrucomicrobia were lower in faeces
from those with appendicitis than in normal faeces [14].
Zhong D et al. recovered Bacteroides in high level in the
normal appendix and the appendix with gangrenous appen-
dicitis and they suggested the abundance of Bacteroides was
inversely related to the degree of inflammation. Some schol-
ars demonstrated that bacteria could migrate along the intes-
tinal tract during appendicitis [44, 45]. Combining the find-
ings from our study and from the others, we assume that the
Bacteroides translocate retrogradely from the appendix and
colon to the jejunum after antibiotic disruption. Bacteroides
displacement might be both an outcome and a risk factor for
inflammation progression to the appendix. With multicom-
partment profiling of the appendix-associated bacteria, we
find no correlation between the appendicitis-associated taxa
and the rat disordered appendix. Researchers have suggested
that the excessive growth of appendiceal bacteria is a conse-
quence of appendix obstruction and inflammation [12, 46],
for example, Fusobacterium was present in most appendici-
tis specimens [47], and the number of species increased in
parallel with the severity of the disease. In the present study,
Fusobacterium, which was not present in the healthy gut,
emerged in the dysbiosis jejunum. However, one should keep
in mind that the appendix-associated taxa have been selected
from the human with the onset of appendicitis.

Our antibiotic-induced dysbiosis model reveals that the
ecological imbalance of the jejunum, appendix and colon
likely link to gut inflammation and impairment. We found
that the mucosal morphology changed apparently in the
jejunum and colon but slightly in the appendix in the early
stage of appendiceal inflammation. This result might be
due to the protective role of the appendix. On the one hand,
masses of lymphoid tissues are present in the appendix. On
the other hand, appendix biofilms preserve high levels of gut

probiotics to maintain community equilibrium. There are
several ways of maintaining the integrity of the epithelial
barrier and host microbial homeostasis in the gut. Intesti-
nal goblet cells secrete mucin proteins acting as protective
coatings that provide structural integrity and regulate mac-
rophage and adaptive T cell responses during inflammatory
processes [48]. Gastrointestinal dysfunction is associated
with defects in the intestinal mucous lining caused by biotic
or abiotic factors. This study characterized the gross mor-
phology, mucosal morphology and cell structure of intestinal
segments with light microscopy and electron transmission
microscopy. Microvilli, brush-like edges, are the free surface
of small intestinal epithelial cells. They are small finger-like
protrusions that protrude from fibres in the cell membrane
and cytoplasm. The function of microvilli is to expand the
surface area of the free cells to enhance nutrient absorption.
Microscopy revealed that the jejunal villus epithelial cells
were impaired, the brush border was unclear, and mitochon-
dria became swollen from the experiment group. Moreover,
the abundance of microbiota such as Betaproteobacteria,
Pseudonocardiaceae, Enterococcaceae, Prevotellaceae and
Enterococcus durans changed in the experiment jejunum.
We observed an inflated appendix with increasing fluids
in the dysbiosis rats. Microscopy revealed that the appen-
dix microvilli became sparse and broken. The local lymph
nodules of the experiment appendix proliferated obviously,
and the adjacent fibrous connective tissue also prolifer-
ated. These mucosal defects implicated that the appendix
proceeded to early appendiceal inflammation. The role of
dysbiotic microbiota in the development of appendiceal
inflammation needs to be explored further. In the experi-
ment colon, the epithelial cells were swollen and oedema-
tous, and the microvilli were sparse. The microbiota rich-
ness and abundance reduced in the colon of the experiment
animals. Microbiota imbalance or even loss of the colonial
microflora leads to the exposure of microvilli to ceftriaxone
sodium, which leads to the shrinkage of the villi, a reduc-
tion in absorption ability, and the accumulation of harmful
substances. Microbiome functional profiling reveals the 20
functional pathways with the highest significant difference
in the jejunum, appendix, and colon between the two groups.
Most of these functional pathways were enriched in the con-
trol group regardless of the sites. The experiment appendix
and colon shared two identical pathways, tetracycline bio-
synthesis and valine, leucine, and isoleucine degradation.
Oxidative phosphorylation, which was exclusively enriched
in the disordered appendix, is a metabolic pathway by which
bacteria require oxygen to produce energy for cell survival.
Arachidonic acid metabolism pathway, which was enriched
in the disordered jejunum, has been indicated in association
with inflammatory response [49].

To date, there has been a steady rise in studies of human
microecology in association with health and disease.
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The link between gut intestinal dysbiosis and necrotiz-
ing enterocolitis has drawn great attention of researchers.
The gut microbiota contributes to ecosystem equilibrium
by increasing metabolic capacity, preventing the coloni-
zation of pathogenic organisms, providing vitamins and
regulating the host immune system in human health [50].
Antibiotics have a comprehensive impact on the microbial
community, which not only disrupts microbial survival but
also alters the nutritional and pathophysiological status of
the intestine.

Conclusion

The present study investigated the microbiota composition,
diversity and relative abundance, as well as mucosal mor-
phology from the different intestinal segments of rats with/
without antibiotic interruption. The microbiome species
richness and evenness were high in the healthy appendix
and colon but low in the disordered appendix and colon; the
microbiome structure and relative abundance varied from
the site to site inter- and intragroup; the appendix and colon
shared similar microbiome patterns regardless of dysbiosis;
and site-specific bacteria were missing in the disordered
appendices. We find that appendix is likely a transition
region involving in upper and lower intestinal microflora
modulation. The present study reveals the in situ variation
of gut microbiota under dysbiosis, which lays the foundation
for exploring the microbial aetiology of diseases. However,
we should be cautious about translating the microbiome pro-
filing results from rat to human. Further research is needed
on the human gut microbiota in the different stages of dys-
biosis, as well as therapeutic effects of potential probiotics.
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